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1 Introduction
The Quark-Gluon Plasma (QGP) is the state of deconfined and thermalized QCD matter
produced in high-energy nucleus-nucleus collisions. Its detailed characterization is a
major long-term goal of the three large scale experiments ATLAS, CMS and ALICE
using proton-proton, proton-lead and lead-lead collisions at unprecedented high energies
provided by the Large Hadron Collider. In the standard Big Bang model, this QGP
is the state of matter that permeated the early universe after the electro-weak phase
transition, i.e. from picoseconds to about 10 microseconds after the Big Bang. A precise
determination of its properties including critical temperature, degrees of freedom, speed
of sound, and, in general, transport coefficients would be a major achievement, bringing
a far better understanding of QCD as a genuine multi-particle theory.
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Figure 1.1: Quark masses in the QCD vacuum and the Higgs vacuum. A large fraction
of the light quark masses arises due to chiral symmetry breaking in the QCD
vacuum. This figure has been taken from [1].
ALICE successfully started data taking with Pb-Pb interactions in 2010. The experimen-
tal data set presently available, already allows for quantitative studies of rare probes, i.e.
heavy-flavor particles, quarkonia, real and virtual photons, jets, and their correlations
with other probes.
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Heavy-flavor particles containing a heavy quark (charm or beauty) are unique probes
for studies into QGP bulk properties. Their heavy mass constitutes a new scale in
the system that is much larger than the QCD scale, mc,mb  ΛQCD, making their
production cross sections accessible to calculations in perturbative QCD. Their mass is
also much larger than the maximum initial QGP temperature. Heavy quarks acquire
their mass almost entirely from the electroweak sector due to their coupling to the Higgs
field, see Fig. 1.1. Therefore, they remain heavy even when chiral symmetry is at least
partially restored in a QGP. This makes heavy quarks a calibrated probe for studies
of QGP bulk properties. They provide access to the degree of thermalization among
quarks and gluons in the QGP. Heavy-quark elliptic flow is especially sensitive to the
partonic equation of state, relating macroscopic QGP properties such as energy density,
temperature and pressure. Ultimately, heavy quarks might fully equilibrate and become
part of the strongly-coupled medium. Studying the in-medium heavy-quark energy-loss
mechanism provides both a test and proving ground for the multi-particle aspects of
QCD and a probe of the QGP density. In particular, it is crucial to characterize the
dependences of energy loss on the parton color charge, mass, and energy, as well as on
the density of the medium.
Figure 1.2: Relative abundances of charm quarks hadronizing into particular hadron
species in vacuo. The contribution from the first excited states D∗(2007)0 and
D∗(2010)+ to neutral (blue) and charged (red) D mesons is also indicated [2,
3]. The numbers given are in units of percent.
Experimental studies require the detection of charmed hadrons. The relative abun-
dances of charm quarks hadronizing into a particular hadron species in vacuo are given
in Fig. 1.2. The contributions from the first excited states D∗(2007)0 and D∗(2010)+ to
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neutral and charged D mesons are also indicated. The contribution from higher reso-
nances is less than 5%, and is neglected in the following. Throughout this thesis, ‘prompt’
refers to all D mesons not originating from weak decays such as B → D + X. In par-
ticular, ground-state D mesons originating from the decay of excited charm resonances
also belong to prompt production.
Figure 1.3: Schematic view of charm-quark hadronization and decay [2,4]. The numbers
indicate the probability of a charm quark hadronizing into a neutral D meson
(56.5%) and the branching ratios for the pictured hadronic (3.89%) and semi-
leptonic (9.6%) decay channels.
Charmed hadrons decay before they reach any active detector material. Thus they have
to be reconstructed from their decay products. The production and decay of a charmed
hadron is schematically shown in Fig. 1.3. A charm and an anti-charm quark are created
in pairs in strong interactions, mostly due to gluon-gluon processes. Both charm quarks
hadronize e.g. into a neutral D and D meson, which decay at the secondary vertex after
moving typically a fraction of a millimeter away from the primary collision vertex.
The detection of charmed hadrons through their semi-leptonic decays has the advantage
of larger branching ratios and the possibility of triggering on high-momentum leptons.
However, due to the decay kinematics, information on the charmed hadron momentum
is largely lost [6]. Reconstructing charmed hadrons in their hadronic decay channels
retains the full kinematic information, thus giving direct access to the modification of
charmed hadron production in the QGP medium. Some properties of charmed hadrons
and their decay modes are listed in Tab. 1.1.
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meson mass (MeV/c2) cτ (µm) or Γ (keV) decay mode branching ratio (%)
D0 1864.86± 0.13 122.9± 0.4 K−pi+ 3.88± 0.05
K+pi− (1.47± 0.07)× 10−2
D+ 1869.62± 0.15 311.8± 0.2 K−pi+pi+ 9.13± 0.19
D+s 1968.50± 0.32 149.9± 2.1 K−K+pi+ 5.49± 0.27
D∗(2007)0 2006.99± 0.15 < 2100 D0pi0 61.9± 2.9
D0 + γ 38.1± 2.9
D∗(2010)+ 2010.29± 0.13 83.3± 1.2± 1.4 D0pi+ 67.7± 0.5
D+pi0 30.7± 0.5
Table 1.1: Some properties of D mesons [2, 5]. For the charmed resonances D∗, the
natural line width Γ is given.
The hadrons’s invariant mass is calculated using information from the detected decay
daughter candidates. The charmed hadron yield then appears as a peak at the rest
mass in the invariant mass distribution above a combinatorial background of uncorre-
lated particles. In order to enhance the signal-to-background ratio, excellent particle
identification capabilities at low to intermediate momentum and precise sub-millimeter
pointing resolution to the primary vertex are essential. In the ALICE apparatus [7], this
is provided by the Time Projection Chamber (TPC) [8], which performs 3-dimensional
tracking of charged particles and provides information on the specific energy deposit
dE/dx in the TPC gas mixture. The resolution of the dE/dx measurement is close to
the theoretical limit, i.e. it is dominated by intrinsic fluctuations of the energy deposit
of charged particles when propagating in the TPC gas [8]. Particle identification is ex-
tended to intermediate momentum by the Time-of-Flight detector (TOF) [9], which uses
multi-gap resistive plate chambers with an overall time resolution of 90 ps to separate
kaons from pions on a track-by-track basis up to a momentum of 1.5 GeV/c. Ultra-high
spatial resolution is provided by the Inner Tracking System (ITS), which is based on
silicon detector technology. Two inner layers of high-granularity active pixel sensors
measure the daughter particles at a radial distance of 3.9 cm away from the primary ver-
tex with an intrinsic resolution of 12µm in the transverse plane, resulting in a pointing
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resolution of 75µm at the primary vertex for momenta larger than 1 GeV/c [10].
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Figure 1.4: Invariant mass distribution of D∗(2010)+ candidates from 20% most central
Pb–Pb collisions at
√
sNN = 2.76 TeV for different momentum bins. This
figure has been taken from [11].
The invariant mass distribution of D∗(2010)+ candidates from 20% most central Pb–Pb
collisions at
√
sNN = 2.76 TeV for different momentum bins is shown in Fig. 1.4. Note
that the mass difference between the invariant mass of reconstructed D∗(2010)+ and
D0 candidates is shown. Due to the small phase space available for the kinetic energy
of the soft pion originating from the D∗(2010)+ decay, the signal appears as a narrow
peak at low invariant mass, close to the kinematic threshold. This leads to a small
contribution from the combinatorial background. Since the daughter D meson is much
heavier than the soft pion, in this representation the mass resolution is solely given by
the momentum resolution of the soft pion. This results in a narrow width of the signal
peak of less than 1 MeV, compared to typically 20 MeV for the other D mesons. Both
the rather small contribution from the combinatorial background and the narrow signal
peak make the statistical significance of the D∗+ measurement practically identical to
the D0 measurement, with a higher momentum reach for the D∗+.
In this thesis, results from three decay modes for D mesons are reported, namely D0 →
K−pi+, with a branching ratio of (3.88±0.05)%; D+ → K−pi+pi+, with a branching ratio
of (9.13 ± 0.19)%; D∗(2010)+ → D0pi+, which strongly decays to D0 with a branching
ratio of (67.7±0.5)%, and subsequently follows the channel D0 → K−pi+; and their charge
conjugates [2]. Strictly speaking, the invariant mass distribution for the decay D0 →
K−pi+ consists of the Cabibbo-favored decay D0 → K−pi+ and the doubly Cabibbo-
suppressed decay D0 → K−pi+. The latter has a branching ratio of (1.47± 0.07)× 10−4,
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and has been neglected. All cross sections reported are the sum for each D meson
and its anti-particle divided by two. Contributions from the weak decays of B mesons
are momentum-dependent, and amount to roughly 10 - 15%. These contributions have
been subtracted by using results from state-of-the-art calculations in perturbative QCD.
Results for D+s production in proton-proton collisions can be found in [12]. Recent
reviews of heavy-flavor production at collider energies and their implications for the
properties of QCD matter are given in [13,14].
This thesis is organized as follows. Results on charmed hadron production in proton-
proton collisions with ALICE are presented in Sect. 2.1, and results from lead-lead
collision are presented in Sect. 2.2. Model studies on charm anti-charm correlations
and their implications on thermalization in high-energy nucleus-nucleus collisions are
discussed in Sect. 2.3. An outlook is given in Sect. 3.
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2 Results
2.1 Prompt production of D mesons in pp collisions
The measurement of charm and beauty production cross sections in proton–proton (pp)
collisions at the Large Hadron Collider (LHC) constitutes a challenge to our under-
standing of calculations in perturbative Quantum Chromo–Dynamic (pQCD) at the
highest collider energies. These calculations use the factorization approach to describe
heavy-flavor hadron production as a convolution of three terms: the parton distribu-
tion function, the hard parton scattering cross section and the fragmentation function.
The parton distribution function describes the initial distribution in Bjorken-x of quarks
and gluons in the colliding protons. The hard parton scattering cross section is calcu-
lated as a perturbative series in terms of the coupling constant of the strong interaction.
The fragmentation function parametrizes the relative production yield and momentum
distribution for a heavy quark that hadronizes into a particular hadron species.
The production cross section of beauty hadrons at Tevatron at a collision energy of
√
s = 1.96 TeV [15–17] and at the LHC at
√
s = 7 TeV [18, 19] is well described by
perturbative calculations at next-to-leading order, e.g. GM-VFNS [20, 21], or at fixed
order with a next-to-leading-log resummation, i.e. FONLL [22, 23]. Charmed hadron
production at Tevatron [24–26], at the LHC [27–29], and RHIC, e.g. the heavy-flavor
decay lepton measurements at
√
s = 200 GeV [30,31], are also reproduced by the pQCD
calculations within experimental and theoretical uncertainties. On the other hand, the
relative abundances of charmed hadrons test the statistical hadronization model [34] of
charm quarks forming hadrons. If the hadronization of a charm quark occurs statisti-
cally, it should be independent of the collision system and energy. Finally, heavy-quark
production rates in pp collisions provide an essential baseline for studies into the bulk
properties of the Quark Gluon Plasma [35,36].
The cross section for prompt production of D∗+ mesons in pp collisions at
√
s = 7 TeV
is shown in Fig. 2.1 as a function of transverse momentum. The spectrum starts at
1 GeV/c and extends up to 24 GeV/c. At lower momenta, D mesons do not move far
enough away from the primary vertex before the charm quark decays, and thus do not
survive the topological selection. At the highest momenta, the invariant mass spectrum
is essentially free of background and the measurement is solely restricted by statistics.
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Figure 2.1: Cross section for prompt production of D∗+ mesons in pp collisions at
√
s =
7 TeV and predictions from calculations in perturbative QCD within the
FONLL [32] (red) and the GM-VFNS [33] (blue) framework. This figure has
been taken from [27].
Predictions from calculations in perturbative QCD within the FONLL [32] (red) and
the GM-VFNS [33] (blue) framework are shown by shaded areas. Both calculations
use the CTEQ6.6 [37] next-to-leading-order parton distribution functions as input. The
systematic uncertainties in each calculation scheme was estimated by simultaneously
varying the factorization scale variable µF and the renormalization scale variable µR
around their central value µF = µR = µ0 =
√
p2T +m
2
c by a factor of two with the
constraint 0.5 ≤ µF/µR ≤ 2. In the FONLL calculations, the charm quark mass was
also varied around the central value of mc = 1.5 GeV/c
2±0.2 GeV/c2. Results from both
calculations are able to describe the measurement within rather large uncertainties.
Interestingly, all data points populate the upper band of results from FONLL. This
behavior has already been observed at lower collision energies and different collision
systems. On the other hand, compared to results from GM-VFNS, the data points sit
on the lower side, which is at odds with observations at Tevatron energies. This indicates
a steeper energy dependence in the GM-VFNS framework than in data.
In general, experiments only cover a small fraction of the full phase space populated by
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Figure 2.2: The fraction Pv of D mesons with valence quark content |cd〉 created in a
vector state over all D mesons with the same valence quark content [24,27,28,
38–41]. The weighted average of the experimental measurements reported in
Ref. [42] and of the LHC data [27,28] shown in the figure is Pv = 0.60±0.01,
and is represented by a solid yellow vertical band. This figure has been taken
from [43].
charm production. For example, with the present limitation in pT > 1 GeV/c, ALICE
covers about 70-80% of the transverse momentum spectrum at mid-rapidity and roughly
10% of the total production cross section for each D meson. Thus extrapolating the
data by simply adding results from calculations in pQCD in the uncovered space phase
would lead to results that are largely dominated by the calculations. Therefore, the
relative distribution, i.e. the shape in transverse momentum and rapidity, is taken
from the pQCD calculations to determine the fraction of charm production covered by
the experiment. In the following, the default extrapolation method used by all high-
energy experiments is described. For each D meson species, the total production cross
section σD was extracted by multiplying the measured cross section by the ratio of the
calculated total cross section over the calculated cross section in the experimentally
covered phase space. The systematic uncertainties of the calculation were estimated by
varying the renormalization (µR) and factorization (µF) scale variables and the charm
quark mass (mc), as described above. Uncertainties in the parton distribution functions
were estimated using the CTEQ6.6 [37] PDF uncertainty eigenvectors and adding the
9
largest positive and negative variation in quadrature. Finally, all three contributions
were added in quadrature.
One way of addressing charm quark hadronization is to consider the ratio of D mesons
with valence quark content |cd〉 created in a vector state (spin 1) to those produced in
a vector (spin 1) or a pseudoscalar state (spin 0). This ratio, Pv, is calculated by taking
the ratio of σD∗+ over the sum of σD∗+ and the part of σD+ not originating from D
∗+
decays,
Pv =
σD∗+
σD∗+ + σD+ − σD∗+ · (1− BRD∗+→D0pi+)
=
σD∗+
σD+ + σD∗+ · BRD∗+→D0pi+
. (2.1)
The advantage of this representation is that the right-hand side of Eq.(2.1) only contains
one branching ratio with a small experimental uncertainty, while for the decay to D+
two branching ratios either including a neutral pion or a photon would be required.
With the ALICE data, this results in
Pv(2.76 TeV) = 0.65± 0.10 (stat.) ± 0.08 (syst.) ± 0.002 (BR)+0.011−0.003(extr.) ,
Pv(7 TeV) = 0.59± 0.06 (stat.) ± 0.08 (syst.) ± 0.002 (BR)+0.005−0.002(extr.) ,
where uncertainties due to the extrapolation into the full phase space and branching
ratios are negligible. These values coincide with results from other experiments at dif-
ferent collision energies and for different colliding systems [24,27,28,38–41], as shown in
Fig. 2.2. This means that the charm quark does not remember its origin and hadronizes
independently of its production mechanism. In hindsight, this justifies the factorization
ansatz to describe charmed-hadron production with the creation of a charm–anti-charm
quark pair occurring at an early time scale and its hadronization at a later one.
The weighted average of the experimental measurements reported in Ref. [42], with
average 0.594± 0.010, with the LHC data [27,28] shown in Fig. 2.2 is P averagev = 0.60±
0.01, which is represented by a solid yellow vertical band in the figure. Note that Pv can
also be determined from the ratio of the ground-state D mesons D0 and D+. This is due
to the fact the excited state D∗(2007)0 solely decays to D0 due to energy conservation and
D∗(2010)+ decays to D0 and D+ with a ratio of roughly 2:1 due to isospin conservation,
see Fig. 1.2. This leads to an asymmetry in the prompt production of D0 and D+, i.e.
a ratio different from unity.
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The expectation from na¨ıve spin counting amounts to P Spin countingv = 3/(3 + 1) = 0.75,
which does not agree with data. The argument of na¨ıve spin counting originates from
heavy-quark effective theory (HQET) assuming an infinitely large heavy-quark mass,
meaning that the effect due to the mass difference between D∗+ and D+ is negligible.
With a relative mass difference of ∆m/m ≈ 7.5% in the D meson system, HQET is not
a good assumption for the charm quark. This contrasts with the B meson system which
has ∆m/m ≈ 8.7h.
Calculations combining the Lund symmetric fragmentation function with exact Clebsch-
Gordan coefficient coupling from the virtual quark–antiquark pair to the final hadron
state functions predicts PLund fragv ≈ 0.63 [44], which is in good agreement with data. In
this model, due to Clebsch-Gordan coefficient coupling, spin counting is automatic, while
differences in the hadron mass are taken into account in the fragmentation function by
an exponential term. On the other hand, in the Statistical Model [34,35], the ratio of the
total yields of the directly-formed charmed mesons D∗+ and D+, which have identical
valence quark content, is expected to be 3·(mD∗+/mD+)2·exp (−(mD∗+ −mD+)/T ) ≈ 1.4
for a temperature parameter of T = 164MeV , where the factor of three comes from
spin counting. We calculate P Stat.Modelv ≈ 0.58± 0.13 for T = (164± 10)MeV ). Other
implementations of the Statistical Model [45, 46] predict similar values of Pv, ranging
between 0.55 and 0.64. The experimental results for Pv thus allow for a description
within the statistical hadronization of charm [34, 35] or calculations considering the
Lund symmetric fragmentation function [44].
The total charm production cross section σcc was estimated for each species of D meson
separately by dividing the total D meson production cross section σD by the relative
production yield for a charm quark hadronizing to a particular species of D meson, that
is the fragmentation fractions (FF) of 0.557 ± 0.023 for D0, 0.226 ± 0.010 for D+, and
0.238 ± 0.007 for D∗+ [2]. The measured yields are consistent with these ratios. The
weighted average of the total charm production cross section was then calculated from
the extrapolated values for D0, D+, and D∗+.
The total nucleon-nucleon charm production cross section [28, 29, 47, 49, 51] and its de-
pendence of on the collision energy is shown in Fig. 2.3. The uncertainty boxes around
the ATLAS [28] and ALICE [27] points denote the extrapolation uncertainties alone,
while the uncertainty bars represent the overall uncertainties. Note that in case of
11
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Figure 2.3: Total charm production cross section σcc per nucleon-nucleon pair versus
collision energy [28,29,47–49]. In case of proton-nucleus (p-A) or deuteron–
nucleus (d-A) collisions, the measured cross sections have been scaled down
by the number of binary nucleon–nucleon collisions calculated in a Glauber
model of the proton–nucleus or deuteron–nucleus collision geometry. Re-
sults from calculation in perturbative QCD [50] (and their uncertainties) are
represented by solid (dashed) lines. This figure has been taken from [43].
proton–nucleus (p-A) or deuteron–nucleus (d-A) collisions, the measured cross sections
have been scaled down by the number of binary nucleon–nucleon collisions calculated in
a Glauber model of the proton–nucleus or the deuteron–nucleus collision geometry. At
√
s = 7 TeV, results from ALICE and preliminary measurements by the ATLAS [28] and
the LHCb Collaboration [29] are in fair agreement. The curves show the calculations at
next-to-leading-order within the MNR framework [50] together with their uncertainties
using the same parameters (and parameter uncertainties) discussed above for FONLL.
The dependence on the collision energy is described by pQCD calculations. Interestingly,
all data points populate the upper band of the theoretical prediction. This might hint to
a smaller actual charm quark mass than the central value of mc = 1.5 GeV/c
2 assumed in
the pQCD calculations. A recent combined next-to-leading order QCD analysis of charm
production in deep inelastic electron-proton scattering at HERA using the MS running
mass scheme determined a lower charm quark mass of mc ≈ 1.26 GeV/c2 [52]. A smaller
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charm mass would implicitly lead to a larger cross section of gluons splitting into pairs of
charm and anti-charm quarks. A deficit in gluon splitting processes to the production of
charm has been indicated in Monte Carlo calculations when compared to measurements
at Tevatron in the associated production of Z bosons with charm quark jets [53] and
photon-tagged heavy-quark jets [54, 55] as well as at the LHC in the measurement of
associated charm production in W final states [56].
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2.2 Prompt production of D mesons in Pb–Pb collisions
Heavy quarks are almost exclusively produced in the initial stage of a collision in high-
virtuality scattering processes, and their annihilation rate is small [57]. Hence, final state
heavy-flavor hadrons at all transverse momenta originate from heavy quarks that have
experienced all stages of the system’s evolution. Due to interactions with the medium,
their production yields are sensitive to medium properties such as energy density, tem-
perature, and in general transport properties. Heavy quarks lose energy through inelastic
processes such as medium-induced gluon radiation [58,59], and elastic processes such as
collisions with other partons in the medium [60]. Since the color-charge factor of quarks
is smaller than that of gluons, the energy loss of quarks should be smaller than for
gluons. Additionally, the dead-cone effect reduces the available phase space for small-
angle gluon radiation due to conservation of angular momentum [61] for heavy quarks
at moderate energy-over-mass values [36, 62–65], leading to even smaller energy loss.
However, other proposed mechanisms such as in-medium hadron formation and dissoci-
ation [66, 67] would lead to a larger energy loss of heavy-flavor hadrons, characterized
by smaller formation times than for light-flavor hadrons. Ultimately, low-momentum
heavy quarks might sufficiently interact with the medium constituents to even thermal-
ize and become part of the medium, e.g. through re-scattering and in-medium resonant
interactions [68].
The effects of parton energy loss, or in general medium effects, are quantified in the
nuclear modification factor RAA:
RAA(pT ) =
1
〈Ncoll〉 ·
dNAA/dpT
dNpp/dpT
=
1
〈TAA〉 ·
dNAA/dpT
dσpp/dpT
. (2.2)
Here, 〈TAA〉 is the average nuclear overlap function, as calculated in a Glauber model of
the nucleus-nucleus collision geometry. For hard processes, production yields in nucleus-
nucleus (AA) collisions are – in the absence of any nuclear medium effects – expected
to scale with the number 〈Ncoll〉 of binary nucleon-nucleon collisions when compared to
pp yields. As a consequence, RAA equals unity.
Heavy-quark masses are not negligible at momenta below pT <∼ 10 GeV/c. A mass hier-
archy in the nuclear modification factor RAA value is expected when going from mostly
gluon-originated light-flavor hadrons, e.g. pions, to D and B mesons (see e.g. [65, 70]),
hence RpiAA < R
D
AA < R
B
AA. Details depend on the reference spectrum from pp collisions.
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Figure 2.4: Nuclear modification factor RAA of D mesons (left) and unidentified charged
particles (right) and results from model calculations. This figure has been
taken from [69].
A measurement and comparison of light versus heavy mass probes thus provides a unique
test of the color-charge and mass dependence of parton energy loss.
The high statistics pp spectrum was obtained at a higher collision energy of
√
s = 7 TeV,
which was the maximum possible collision energy in 2010. The pp reference spectrum
for the RAA measurements was obtained by scaling these results to the lower Pb–Pb
collision energy of
√
sNN =2.76 TeV via a pQCD-driven approach. These results were
validated by comparing to experimental data from a pp sample of limited statistics taken
at the same collision energy [43]. The nuclear modification factor for D mesons, averaged
over D0, D+, and D∗+, as measured by ALICE, is shown in the right panel of Fig. 2.4.
The vertical bars represent statistical uncertainties in central collisions, having a typical
magnitude of 20–25% for D0 and 30–40% for D+ and D∗+ mesons. The results for the
three D meson species numerically coincide within statistical uncertainties, exhibiting a
suppression by a factor 3-4, i.e. RAA ≈ 0.25–0.3, in central collisions for pT > 5 GeV/c.
For decreasing pT, the nuclear modification factor of D
0 in central collisions tends to
exhibit a lower suppression. Since charm is conserved, the depletion of the spectrum at
large momentum should correspond to an enhancement at lower momentum. Also, if
charm participates in the collective expansion of the medium, charm flow would lead to a
depopulation at very low momentum and further enhance the spectrum at intermediate
momentum. Both effects would lead to a nuclear modification factor above unity, with
a maximum of RAA = 1.2− 1.5 around 2 GeV/c.
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Besides parton energy loss, initial-state effects might also influence the RAA measure-
ment. In particular, a modification of the parton distribution functions in the nucleus
when compared to the proton alters the initial hard scattering probability, thus affecting
the production yields of hard partons, including heavy quarks. In the kinematic range
relevant for charm production at LHC energies, the main predicted effect is nuclear shad-
owing, i.e. the reduction of the parton distribution functions for values of x below 10−2.
The effect of shadowing on the D meson RAA was estimated using the next-to-leading
order framework MNR [50] with the CTEQ6M parton distribution functions [71] for the
proton and the EPS09NLO parametrization [72] for the lead nucleus. The effect from
shadowing on the nuclear modification factor is estimated to be no larger than ±15% for
pT > 6 GeV/c, indicating that the strong suppression observed in the data is a final-state
effect.
The dependence on color charge and parton mass is investigated by comparing the nu-
clear modification factor of D mesons and pi mesons. Since final results on the pion RAA
at the LHC were not available at the time of publication, a comparison is made with
the measurement of unidentified charged particles which are dominated by pions. The
average D meson nuclear modification factor is close to that of unidentified charged par-
ticles [73]. However, considering that the systematic uncertainties of D mesons are not
fully correlated with pT, there is an indication that R
D
AA > R
charged
AA . The nuclear modi-
fication factor of B mesons has been measured by the CMS Collaboration by detecting
displaced J/ψ mesons with pT > 6.5 GeV/c stemming from weak decays of B mesons [74].
Their suppression is clearly weaker than that of unidentified charged particles, while the
comparison with D mesons is not yet conclusive.
Various models based on calculating parton energy loss may be used to compute the D
meson nuclear modification factor. Here, a comparison is given between models, which
can be divided into two groups:
(A) models based on microscopic calculations in perturbative QCD, e.g. (I) - (VIII) [67,
70, 75–81]. Figure 2.4 displays the comparison of these models to the average D
meson RAA, for central Pb–Pb collisions (0–20%), along with the comparison to
the charged-particle RAA [73], for those models that also compute this observable:
(I) [67], (II) [76], (III) [77], (VII) [81]. While the RAA values vary drastically
between different models, neither model is able to consistently describe the nu-
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clear modification factor for light- and heavy-flavor hadrons. The apparent rise
in RAA with transverse momentum is solely due to the shape of the reference pp
spectrum [82], and not a particular prediction of any model.
(B) A recent development is the conjectured duality of quantum field theories of e.g.
Yang-Mills-Shaw type, describing elementary particles on one side and theories
of quantum gravity, formulated in string-theory, on the other [83]. The advan-
tage is that while in quantum field theory the fields are strongly interacting and
thus perturbative methods can not be applied, the fields in gravitational theory
are weakly interacting, making calculations possible. A well studied case is the
Anti-de-Sitter/conformal-field theory (AdS/CFT) correspondence. Here, string
theory is formulated in an Anti-de-Sitter space with the conformal field theory
living on the conformal boundary of the Anti-de-Sitter space-time. One specific
example of the AdS/CFT correspondence relates the rather general class of type
IIB string theories in ten-dimensional space that is defined by the the product
of a five-dimensional Anti-de-Sitter-spacetime and a five-dimensional background,
AdS5 × S5, to N = 4 supersymmetric Yang-Mills theory on the four-dimensional
conformal boundary. The drag force of an external and thus infinitely heavy quark
moving in a thermal plasma of a thermalized N = 4 supersymmetric Yang-Mills
theory has been calculated in such an approach [84]. A model determined drag
coefficients (III) by incorporating experimental results from RHIC [77] and signif-
icantly underestimates the nuclear modification factor of D mesons.
The measurement of anisotropy in the azimuthal distribution of particle momenta pro-
vides further insight into the properties of the QGP medium. Anisotropic patterns
originate from the initial anisotropy in the spatial distribution of the nucleons partici-
pating in the collision. The azimuthal anisotropy of produced particles is characterized
by the Fourier coefficients vn = 〈cos[n(ϕ−Ψn)]〉, where n is the order of the harmonic,
ϕ is the azimuthal angle of the particle, and Ψn is the azimuthal angle of the initial state
symmetry plane for the n-th harmonic. For non-central collisions the overlap region of
the colliding nuclei has a lenticular shape and the azimuthal anisotropy is dominated by
the second Fourier coefficient v2, commonly denoted by elliptic flow [85,86].
Two mechanisms are responsible for generating a non-zero v2. The first mechanism,
dominant in the bulk, e.g. at low (pT < 3 GeV/c) and intermediate (3–6 GeV/c) trans-
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Figure 2.5: Elliptic flow coefficient v2 for D mesons and unidentified charged particles.
This figure has been taken from [11].
verse momentum, is the build-up of a collective expansion through interactions among
the medium constituents. An anisotropic component in this collective expansion devel-
ops mainly in the early stages of the lifetime of the system, when the spatial anisotropy
is large [87–89]. The second mechanism is the path-length dependence of in-medium
parton energy loss, due to medium-induced gluon radiation and elastic collisions. This
differential nuclear modification with respect to the reaction plane is predicted to give
rise to a positive v2 for hadrons up to large transverse momenta [90, 91]. The v2 values
measured for light-flavor hadrons at RHIC and LHC energies can be described for the
low-pT region in terms of collective expansion of a strongly-interacting fluid [85,92–94],
and for the high-pT region (pT >6–8 GeV/c) in terms of path-length dependent parton
energy loss [76,95–97].
The measurement of the elliptic flow of charmed hadrons provides further insight into
the transport properties of the medium. At low pT, charmed hadron v2 offers a unique
opportunity to test whether quarks with large mass (mc ≈ 1.5 GeV/c2) also participate in
the collective expansion dynamics and possibly thermalize in the medium [6,98]. Because
of their large mass, charm quarks are expected to have a longer relaxation time, i.e. time
scale for approaching equilibrium with the medium, with respect to light quarks [99].
At low and intermediate pT, the D meson elliptic flow is expected to be sensitive to
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the heavy-quark hadronization mechanism. If there are substantial interactions with the
medium, a significant fraction of low- and intermediate-momentum heavy quarks could
hadronize via combination with other quarks from the bulk of thermalized partons [100,
101], thus enhancing the v2 of D mesons with respect to that of charm quarks [98].
In this context, the measurement of D meson v2 is also relevant for the interpretation
of the results on J/ψ anisotropy [102], since J/ψ mesons formed from cc combination
would inherit the azimuthal anisotropy of their constituent quarks [103, 104]. At high
pT, the D meson v2 can constrain the path-length dependence of parton energy loss,
complementing the measurement of the suppression of particle yields with respect to the
expectation from proton–proton collisions.
Theoretical models of heavy-quark interactions with the medium constituents enable the
calculation of both the v2 and RAA of heavy-flavor mesons in a wide pT range [78, 105–
108]. For semi-central collisions at the LHC, they predict a large elliptic flow (v2 ≈ 0.1–
0.2) for D mesons at pT ≈ 2–3 GeV/c and a decrease to a constant value v2 ≈ 0.05 at
high pT.
The azimuthal anisotropy in heavy-flavor production was measured in Au–Au collisions
at
√
sNN = 200 GeV at RHIC using electrons from heavy-flavor decays. The resulting
v2 values are as large as 0.13 [109,110].
For D mesons, the second Fourier coefficient, v2, was calculated according to:
v2 =
1
R2
pi
4
Nin-plane −Nout-of-plane
Nin-plane +Nout-of-plane
. (2.3)
Due to the limited statistics, the integrated asymmetry between the yields in the az-
imuthal range from φ = 0 − 90◦ and φ = 90◦ − 180◦ was considered. The factor pi/4
results from the integration of the second term, 2 v2 cos(2∆ϕ), of the dN/dϕ distribution
in the considered intervals of relative azimuth. The factor 1/R2 is the correction due to
the angular resolution in determining the symmetry plane Ψ2 [111], which smears out
the angular modulation, leading to an apparent lower value for the observed v2.
The resulting D-meson v2 is shown in Fig. 2.5. The average of the measured v2 values
in the interval 2 < pT < 6 GeV/c is 0.204 ± 0.030 (stat) ±0.020 (syst) +0.092−0 (B feed-
down), which is larger than zero with 5.7σ significance. A positive v2 is also observed
for pT > 6 GeV/c, which most likely originates from the path-length dependence of the
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partonic energy loss, although the large uncertainties do not allow a firm conclusion. The
measured D meson v2 is comparable in magnitude to that of charged particles, which
are dominated by light-flavor hadrons [97]. This consistency suggests that the relaxation
time of charm quarks in the medium is similar to that of light partons and it is short
with respect to the time scale for diluting the initial geometrical anisotropy, possibly
indicating that low momentum charm quarks take part in the collective motion of the
system. The measured v2 tends to favour the models that predict a larger anisotropy
at low pT [105–108]. Despite the relatively large uncertainties, these measurements on
the nuclear modification factor and elliptic flow for D mesons together present the most
stringent constraints to date on models describing the interaction of charm quarks with
the QCD medium.
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2.3 Correlations of charm and anti-charm quarks
The charm and beauty quantum numbers are conserved in strong interactions. There-
fore, in strong interactions, heavy quarks are always created together with their anti-
quark and are thus correlated. In collisions of leptons it has been shown that a hadron
containing a charm or beauty quark carries a significant fraction of the initial quark
momentum [112–114]. Hence, initial heavy-quark correlations survive the fragmentation
process into hadrons to a large extent, and are observable e.g. in the angular distribu-
tions of pairs of D and D mesons [47,115]. In pp collisions, the experimentally observed
correlations of D mesons, measured at fixed target experiments [47] are reproduced well
by the Monte Carlo event generator PYTHIA [116].
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Figure 2.6: Correlations in relative azimuth ∆φ of DD pairs from Langevin calculations
with T0 = 300 MeV (RHIC) and 700 MeV (LHC). The upper part shows
the dependence of the correlations on the initial pT of the charm quark; the
lower part shows the drag coefficient dependence. This figure has been taken
from [1].
In high-energy collisions of heavy nuclei, frequent interactions among partons (quarks
and gluons) of the medium and heavy quarks may lead to a significant modification of
these initially existing correlations. On the other hand, hadronic interactions at the
late stage are insufficient to alter the azimuthal correlations of DD pairs [1]. Frequent
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interactions distribute and randomize the available (kinetic) energy and finally drive
the system, i.e. light quarks and gluons, to local thermal equilibrium. To what extent
this also happens for heavy quarks is currently a subject of discussion [68, 117–120]. A
decrease in the strength of heavy quark correlations in high-energy collisions of heavy
nuclei as compared to pp collisions would indicate early thermalization also of heavy
quarks.
We studied the modification of azimuthal correlations of D and D meson pairs as a sen-
sitive indicator of frequent occurrences of partonic scattering. To explore how the QCD
medium generated in central ultra-relativistic nucleus-nucleus collisions influences the
correlations of D and D meson pairs, we employed a non-relativistic Langevin approach
which describes the random walk of charm quarks in a QGP and was first described in
Refs. [121–123],
d~p
dt
= −γ(T )~p+ ~η(T ), (2.4)
with the drag coefficient γ and the normalized Gaussian noise variable ~η describing the
heavy quark diffusion (random walk). The drag coefficient γ quantifies the resistance of
the heavy quark in the QGP fluid. A large drag coefficient would lead to large heavy-
quark flow. Both parameters are dependent on the local temperature of the system and
were parameterized as in Ref. [121], e.g γ = aT 2, neglecting any momentum dependence
of the drag coefficient γ. They are related through the fluctuation-dissipation relation
in equilibrium assuming a charm quark mass of 1.5 GeV/c2.
In order to isolate the effects purely caused by parton-parton rescattering in the medium,
charm and anti-charm quarks were generated with the same pT and zero longitudinal
momentum back-to-back, i.e. at relative azimuth ∆φ = pi, and a delta function was used
to fragment the charm quark into a charmed hadron at the hadronization stage.
Results for D meson (charm quark) pairs on their angular correlations are shown in
Fig. 2.6 (a) for different initial charm quark pT values, and T0 = 300 MeV, values typical
for RHIC collisions. The fastest charm quarks, represented by the highest momenta,
are able to escape from the QGP without suffering significant medium effects, while the
slower quarks, represented by the lowest momenta, have their pair azimuthal correlation
almost isotropic due to interactions in the medium.
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Results for a higher initial temperature T0 = 700 MeV, representative of LHC energies,
are shown in Figure 2.6 (b). Here, interactions of charm quarks with the medium are so
frequent that only the most energetic charm quarks preserve part of their initial angular
correlation; low pT pairs are even completely kinetically equilibrated and become part of
the medium. Note that in the actual calculations, only longitudinal flow is considered. In
reality, transverse radial flow leads to an enhancement of the same-side correlation [124]
and will be present especially when interactions are frequent [117,125,126].
The above results were obtained with a drag coefficient estimated with perturbative QCD
adopting a large coupling constant αs = 0.6 [127]. Recent pQCD calculations [128, 129]
show a factor of 2-3 smaller drag coefficient. However, non-perturbative contributions
that arise from quasi-hadronic bound states in the QGP might be important [129].
This would result in a much larger drag coefficient. Since exact values of the drag
coefficient from lattice QCD calculations do not exist, the sensitivity on variations of
the parameter a within the given range is considered. Figures 2.6 (c) and (d) show the
drag coefficient dependence of the charm anti-charm angular correlations for high-energy
charm quarks: pT = 3(10) GeV/c and T0 = 300(700) MeV. The correlations dissipate
when a is increased by around a factor of 5(2) with respect to the pQCD value.
At LHC energies, higher-order processes become dominant, and sensitivity to heavy
quark thermalization might be lost. To overcome this complication, a two-particle trans-
verse momentum correlator 〈∆pt,1,∆pt,2〉 was applied to pairs of heavy-quark hadrons
and their semi-leptonic decay products as a function of their relative azimuth. This has
the following advantages:
(i) The correlator is sensitive to non-statistical fluctuations, thus scraping out any phys-
ical correlation.
(ii) In case of physically uncorrelated candidate-pairs (e.g. combinatorial background),
the extracted value for the correlator vanishes, thus providing a reliable baseline.
(iii) A localization of the observed correlations in transverse momentum space may help
to obtain further insight into the origin of the observed correlations in relative azimuth.
Calculations at leading order (LO) contain flavor creation processes (qq → QQ, gg →
QQ) and lead to an enhancement at relative azimuth around ∆φ ≈ 180o , i.e. the D
meson pair is preferentially emitted back-to-back. In flavor excitation processes (qQ→
qQ, gQ→ gQ), one heavy quark from the proton sea participates in the hard scattering,
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Figure 2.7: (Color online) Distribution of the momentum correlator 〈∆pt,1,∆pt,2〉 of 5 ·
105 DD pairs (left panel) and 5 · 105 BB pairs (right panel) as a function of
relative azimuth ∆φ at mid-rapidity (circles), for full rapidity (squares) and
for background using the mixed event method (triangles) for pp collisions
at
√
s = 14 TeV as calculated using PYTHIA (6.406). This figure has been
taken from [130].
leading to an asymmetry in momentum and the relative angular distribution. In gluon
splitting processes (g → QQ), one gluon splits into a heavy-quark pair with relatively
small opening angle and transverse momentum. At even higher orders, the distinction
becomes scale dependent and is thus less well-defined.
In order to extend calculations in PYTHIA beyond leading order, processes contributing
at higher orders were calculated using a massless matrix element [131] applying a lower
cut-off in the transverse momentum-transfer scale of the underlying hard scattering
to avoid divergences in the calculated cross section [131]. The PYTHIA parameters
were subsequently tuned to reproduce these next-to-leading order predictions [131]. For
the hadronization of charm and beauty quarks the Lund fragmentation scheme was
used [132].
The correlator for pairs of DD mesons (left) and BB mesons (right) as shown in Fig. 2.7
has a pronounced forward-backward peaked structure. We observe an enhancement at
small azimuth from gluon splitting processes, while flavor creation of cc-quark pairs leads
to an enhanced correlation at backward angles. We have checked that flavor excitation
processes lead to a rather flat distribution. To mimic combinatorial background, which
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is always present in the experiment, we applied the correlator to D and D mesons
from different pp collisions, which are physically uncorrelated. This results in a value
consistent with zero (see Fig. 2.7). Therefore the correlator allows for a clear distinction
between the case where correlations are present (different from zero) or absent (equal to
zero)
However, the full kinematic reconstruction of D mesons from topological decays suffers
from small branching ratios and rather small reconstruction efficiencies, resulting in low
statistics. This is especially the case when pairs of D mesons are considered, as in this
case where these factors enter quadratically. As an alternative, we considered electrons
(positrons) from the semi-leptonic decays of charm and beauty hadrons, with an average
branching ratio to electrons of 10% and 11%, respectively. This clearly indicates that the
initial correlations among a heavy quark and its corresponding anti–quark even survive
semi-leptonic decays into electrons (positrons) to a large extent.
Further, a comparison of experimental heavy-quark correlations from Pb–Pb collisions
to results from microscopic transport calculations would provide an independent way to
extract effective heavy-quark scattering rates in the QCD medium [133, 134]. Thus, it
might be possible to extract general transport properties, which in turn provide impor-
tant insight into the microscopic in-medium properties of partons in the QGP and thus
the nature of the plasma itself. However, this information would be lost if heavy quarks
fully equilibrate with the light partons in the medium.
On the other hand, open heavy-quark correlations also become important in the study
of dilepton invariant-mass spectra in high-energy nuclear collisions since the contribu-
tion of correlated open heavy-quark decays competes with dilepton emission rates from
the QGP in the intermediate invariant-mass range [135–138]. Thus, solid experimental
constraints on the extent of the loss of open heavy-quark correlations are essential for
an interpretation of the dilepton invariant-mass spectra, in particular concerning mecha-
nisms of chiral symmetry restoration in the hot partonic medium created in high-energy
nuclear collisions at LHC energies.
Recently, the CMS Collaboration has measured angular correlations of BB mesons with
momenta above 15 GeV/c in pp collisions at
√
s =7 TeV and found a dominant contri-
bution from gluon splitting processes which is underestimated by calculations in pertur-
bative QCD [139].
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3 Outlook
Heavy flavor hadrons carrying a charm or beauty quark are unique probes in modern
nuclear and particle physics. Their large mass allows for a quantitative description of
their production within perturbative calculations in QCD. A good agreement is found
between experiment and theory, within rather large uncertainties in both. Hadronization
of charm allows for a description within the Statistical Model. Present experimental
results might hint that the contribution from gluon splitting processes to heavy quark
production is too low. This might be cured by using a smaller charm mass than is
currently assumed in the calculations.
Lead-lead collisions at the highest energies show that charm quark interactions with the
QCD medium are substantial. Precise measurements of the phase space distribution of
charmed hadrons will address the open question of whether the predicted mass hierarchy
of quark energy loss in the hot and dense QCD medium is realized in nature. This
addresses the issue of in-medium parton dynamics, which is not yet understood at the
fundamental level. Closely related is the medium response to the energy deposit from a
heavy quark. The ultrahigh-resolution vertex detectors at the LHC make identification
of heavy-quark jets on an event-by-event basis possible. This gives unique access to quark
jets, in contrast to gluon jets, which dominate high-momentum particle production at
the LHC. At the low momentum side, precise measurements of heavy-quark flow and
correlations will decisively address the question of the extent to which heavy quarks
participate in the collective expansion of the bulk or even reach kinetic equilibrium. It
will then be possible to extract general transport properties, which give an important
insight into the microscopic in-medium properties of partons in the QGP, and thus the
nature of the plasma itself. However, this information would be lost in the case of heavy
quarks fully equilibrating with the light partons in the medium.
These considerations make detection of heavy-quark hadrons down to zero momentum
essential, as the topological selection of heavy-quark decays becomes far more challenging
in this region. Improved secondary vertexing, in conjunction with excellent particle iden-
tification on a track-by-track basis and sophisticated approaches combining information
on particle identification from different detectors, e.g. using a Bayesian approach, will
help to reduce the combinatorial background and thus extend the accessible momentum
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range to the lowest momenta. This will also help in detecting charmed baryons, e.g. Λ+c ,
which have much shorter lifetimes than the charmed mesons. Also, the relative abun-
dances of charmed hadrons might significantly differ in lead-lead collisions compared to
a charm hadronizing in vacuo. In particular, the lifting of strangeness suppression in
central lead-lead collisions might alter the role of the strange charmed meson D+s [107].
Full reconstruction of low-momentum B mesons in central lead-lead collisions is limited
by low production yields and per mille branching ratios. This might be overcome by
yet-increased luminosities being achieved by the accelerator, in combination with faster
readout-rate capabilities in the experiments at the LHC.
These goals are within reach in two steps: After the first long shutdown of the LHC, a ten-
fold increase in statistics is expected for the second data-taking period starting in 2015.
During the second long shutdown foreseen for the whole year of 2018, all experiments
will undergo major detector upgrades, including vastly improved secondary-vertexing
and readout-rate capabilities. Another increase in statistics of a factor of ten (100 in
total) is expected at the high-luminosity LHC.
Complementary to this, charm production close to the threshold and its implications on
superdense baryon-rich QCD matter will be studied in (anti)proton-proton, (anti)proton-
nucleus and nucleus-nucleus collisions at the Facility for Antiproton and Ion Research
(FAIR) currently under construction at the GSI Helmholtz Centre for Heavy-Ion Re-
search, Darmstadt, Germany [140,141].
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